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The  purpose  of  this  work  was  to  apply  the  analytical  method  developed  for 
single  junction  and  multijunction  solar  cells.  Contract  No.  F33615-76-C-1283, 
to  photodiodes  and  avalanche  photodiodes.  It  was  anticipated  that  this  ana- 
lytical method  will  advance  the  state-of-the-art  because  of  the  following: 

(1)  the  analysis  considers  the  total  photodetector  multilayer  structure 
rather  than  just  the  depleted  region;  (2)  a model  of  the  complete  band  
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structure  is  analyzed;  (3)  application  of  the  integral  form  of  the  continuity 
equation  is  used;  (4)  structures  that  reduce  dark  current  and/or  Increase  the 
ratio  of  photocurrent  to  dark  current  are  obtained;  and  (5)  structures  that 
increase  spectral  response  in  the  depleted  region  and  reduce  response  in  other 
regions  of  the  diode  are  obtained. 

The  integral  form  of  the  continuity  equation  developed  for  solar  cells  is  the 
steady-state  or  time- independent  form.  The  contract  specified  that  the  time- 
independent  equation  would  only  be  employed  to  determine  applicability  to 
photodetectors. 

The  GaAsSb  photodiode  under  development  at  Rockwell  International,  Thousand 
Oaks,  California  was  used  to  determine  the  applicability  to  photodetectors. 

The  diode  structure  is  composed  of  four  layers  grown  on  a substrate.  The 
analysis  in  Section  5.0  presents  calculations  of  spectral  response.  This 
parameter  is  used  in  this  study  to  optimize  the  structure.  ^Frequency  response 
calculations  were  not  considered. 


Section  2.0  briefly  discussed  the  advantages  of  III-V  multilayer  photodiode 
performance  over  Si  avalanche  photodiodes  and  photomultipliers.  The  development! 
of  photodiodes  is  presented  in  Section  3.0.  Photodiode  operating  parameters, 
materials  selection  and  structure  are  discussed  in  Section  4.0.  Calculations 
using  the  steady-state  integral  form  of  the  continuity  equation  are  presented 
and  dsi cussed  in  Section  5.0. 
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SECTION  I 


INTRODUCTION 

The  purpose  of  this  work  was  to  apply  the  analytical  method  developed 
for  single  junction  and  multljunctlon  solar  cells.  Contract  No.  F33615-76-C-1283, 
to  photodiodes  and  avalanche  photodiodes.  It  was  anticipated  that  this  ana- 
lytical method  will  advance  the  state-of-the-art  because  of  the  following: 

1)  the  analysis  considers  the  total  photodetector  multilayer  structure  rather 
than  just  the  depleted  region;  2)  a model  of  the  complete  band  structure  Is 
analyzed;  3)  application  of  the  Integral  form  of  the  continuity  equation  Is 
used;  4)  structures  that  reduce  dark  current  and/or  Increase  the  ratio  of 
photocurrent  to  dark  current  are  obtained;  and  5)  structures  that  Increase 
spectral  response  In  the  depleted  region  and  reduce  response  In  other  regions 
of  the  diode  are  obtained. 

The  Integral  form  of  the  continuity  equation  developed  for  solar  cells 
Is  the  steady-state  or  time- Independent  form.  The  contract  specified  that  the 
time-independent  equation  would  only  be  employed  to  determine  applicability 
to  photodetectors. 

The  GaAsSb  photodiode  under  development  at  Rockwell  International, 

Thousand  Oaks,  California  was  used  to  determine  the  applicability  to  photo- 
detectors. The  diode  structure  Is  composed  of  four  layers  grown  on  a sub- 
strate. The  analysis  In  Section  V presents  calculations  of  spectral 
response.  The  parameter  Is  used  In  this  study  to  optimize  the  structure. 
Frequency  response  calculations  were  not  considered. 

Section  II  briefly  discusses  the  advantages  of  III-V  multilayer  phot- 
diode  performance  over  SI  avalanche  photodiodes  and  photomultipliers.  The 
development  of  photodiodes  Is  presented  In  Section  III.  Photodiode  operating 
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parameters,  materials  selection  and  structure  are  discussed  In  Section  IV. 


Calculations  using  the  steady-state  Integral  form  of  the  continuity  equation 
are  presented  and  discussed  In  Section  V. 
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SECTION  II 


PHOTODETECTORS 

Electrooptics  technology  has  become  well  established  In  recent  years  In 
military  and  space  vehicle  applications,  and  In  some  Instances  It  Is  being 
utilized  In  Industrial  applications.  Typically  at  this  stage  of  technological 
development,  methods  are  being  explored  to  push  the  technology  to  Its  limit 
using  existing  hardware.  However,  It  Is  clear  that  In  some  applications  the 
available  devices  require  Improved  performance  to  permit  the  applications 
to  expand.  Improved  devices  may  be  obtained  by  fabricating  devices  from  more 
appropriate  material,  or  more  appropriate  material  combinations,  or  advanced 
state-of-the-art  device  structures. 

In  data  transmission  and  communication  transmission  applications  where 
subnanosecond  rates  and  low  level  signals  are  encountered,  the  avalanche 
photodiode  may  significantly  Improve  system  perfoirmance.  For  many  applications 
SI  avalanche  photodiodes  do  not  exhibit  the  performance  characteristics 
required  [1].  As  a result,  III-V  materials  have  been  under  Investigation  for 
photodiodes  and  avalanche  photodiodes. 

The  ternary  GaAsSb  has  been  under  Intensive  Investigation  for  receiver 
applications  at  1.064  urn  In  PIN  structures  [2].  However,  In  GaAsSb  PIN 
photodiodes  the  avalanche  gain,  M,  must  exceed  4 to  Improve  the  S/N  ratio 
compared  to  the  performance  when  M>1,  l.e.,  the  photodiode  mode  of  operation 
which  results  when  the  reverse  bias  Is  reduced  so  that  the  avalanche  mode 
Is  not  present.  For  1<M<2  the  S/N  Is  degraded  as  photodiode  reverse  bias 
Is  Increased  because  the  Increase  In  surface  dark  current  reduces  S/N  by 
a factor  greater  than  the  Increase  due  to  avalanche  gain.  Increasing  M from 
2 to  10  Increases  S/N  approximately  linearly  with  M.  This  results  because 
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S/N  is  markedly  Influenced  by  avalanche  gain.  In  the  photodiode  (l.e.,  M-1) 
at  reasonably  low  leakage  currents,  the  noise  Is  composed  of  Johnson  noise 
current  and  preamp  equivalent  Input  noise  current.  The  Johnson  noise  Is 
minimized  by  choosing  as  large  a loading-resistor  as  bandwidth  requirements 
permit.  This  condition  represents  the  limiting  performance  possible  at 
M"l.  The  preamplifier  noise  simply  degrades  the  S/N  ratio  from  the  limit 
set  by  the  Johnson  current  noise  of  the  load-resistor. 

The  GaAsSb  PIN  photodiode  without  avalanche  gain  has  been  compared 
directly  with  the  ITT  S-1  photomultiplier  and  the  General  Electric  Company 
SI  avalanche  photodiode  In  a 50  preamp  receiver  [2].  The  photomultiplier 
was  selected  for  O.IZ  quantum  efficiency  at  1.06  pm.  The  General  Electric 
Company  SI  avalanche  photodiode  was  a selected  device  with  a quantum 
efficiency  of  301  at  1.06  pm.  These  data  are  presented  in  Table  1.  It 
should  be  emphasized  that  both  the  photomultiplier  and  the  SI  avalanche 
photodiode  for  the  data  reported  In  Table  1 were  operated  with  Internal 
gain  while  the  GaAsSb  photodiode  was  not. 

Notwithstanding,  the  GaAsSb  receiver  exhibits  better  performance 
characteristics  than  either  the  SI  APD  or  the  S-1  photomultiplier.  The 
Noise  Equivalent  Power  (NEP)  with  and  without  Incident  energy  on  the 
detectors  shows,  under  typical  operating  conditions,  that  the  photo- 
multiplier exhibits  34  times  more  noise  than  the  GaAsSb  receiver,  and 
the  SI  APD,  3.3  times. 

The  GE  SI  APD  reported  In  Table  1 obtains  its  moderate  quantum 
efficiency  by  virtue  of  Its  extremely  wide  depletion  region.  The  wide 
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TABLE  1 


NEP  COMPARISON  BETWEEN  S-1  PHOTOMULTIPLIER,  Si  AVALANCHE 
PHOTODIODE  PREAMPLIFIER  RECEIVER  AND  A GaAsSb  PHOTODIODE  RECEIVER 


Dark  NEP 
in  IMHz 
Bandwidth 

NEP  With 

Light 

w>iiz^ 

ITT  S-1 

Photomultiplier 

2. 2x10“ 

4x10-1^ 

(Pj^“11.5  nW) 

GE  Silicon 

APD/500  preamp 
receiver 

2x10“ 

7.5x10-13 
(Pj^-25  nW) 

Science  Center 

GaAsSb  photo- 
diode receiver 

9.2x10-1** 

1.16x10-13 
(Pj^-11.5  nW) 

2.3x10-13 
(Pj^-25  nW) 

5 


depleted  region  Is  required  because  the  optical  absorption  depth  of 

photons  of  1.06  um  wavelength  Is  0.1  cm  in  Si,  an  Indirect  transition 

-4 

material.  In  contrast  to  10  cm  In  GaAsSb,  a direct  transition  material. 
To  achieve  this  wide  depletion  region  In  the  GE  SI  diode  requires  2500 
volts  while  only  23.5  volts  Is  required  to  achieve  the  required  depletion 
width  In  the  Rockwell  GaAsSb  diode.  Moreover,  the  wide  depletion  region 
In  the  SI  AFD  limits  the  ultimate  frequency  response  due  to  the  greater 
transit  time.  As  a result,  a photodiode  or  an  avalanche  photodiode  fabri- 
cated from  a direct  transition  material,  such  as  GaAsSb,  also  has  an 
Inherently  higher  frequency  response  compared  to  Si  devices. 

While  the  GaAsSb  photodiode  exhibits  superior  characteristics  over 
the  S-1  photomultiplier  and  Si  APD,  its  overall  performance  is  well  below 
its  theoretical  or  expected  level.  In  large  measure  this  results  because 
the  avalanche  gain  In  GaAsSb  diode  does  not  exceed  4.  Research  of  other 
direct  transition  ternaries  and  quaternaries  of  the  IIl-V  materials  system 
has  been  accelerated.  These  Investigations  generally  tend  to  concentrate 
on  obtaining  avalanche  gains  of  10  or  greater  In  p-n  homo Junctions.  The 
approach  to  obtaining  higher  avalanche  gain  Is  to  fabricate  photodiode 
structures  with  less  lattice  mismatch  [2].  The  GaAlSb  ternary  shows  some 
promise,  but  it  is  In  the  early  research  stage  [3].  It  could  be  several 
years  before  definitive  data  are  obtained  showing  which  ternary  is 
superior. 

Because  there  are  many  combinations  of  ternaries  and/or  quaternaries 
which  show  promise  In  photodiodes  and  avalanche  photodiodes.  It  will  be 
very  costly  to  Investigate  all  possible  combinations  In  the  laboratory  and 
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to  determine  the  optimum  combination  for  a given  set  of  specifications. 
In  order  to  Insure  the  highest  return  on  Investment  that  future  R & D 


expenditures  represent,  a study  was  conducted  to  develop  a comprehensive 
analytical  method  that  reliably  predicts  device  performance.  The  study 
extends  the  analytical  method  developed  for  solar  cells  to  photodiodes. 
The  results  of  the  analytical  study  and  subsequent  computer  programming 
were  then  applied  to  the  photodiode  structure  under  Investigation  by  the 
Rockwell  International  Science  Center  [2,3]. 


SECTION  III 


BACKGROUND 

PhoCoenhancement  in  reverse-blased,  nonavalanching  p-n  junctions  was 
first  demonstrated  In  Ge  by  Goucher,  et  al.  [4].  For  low  voltages  (i.e., 
below  breakdown) , this  work  showed  that  within  wide  limits  the  spectral 
response  is  Independent  of  bias  voltage.  The  same  effect  Is  observed  In  SI 
reverse-biased  p-n  Junctions.  However,  It  was  shown  by  McKay  and  McAfee 
that  quantum  yields  exceed  unity  at  reverse-bias  voltages  In  the  region  of 
junction  voltage  breakdown  [5].  This  Is  due  to  internal  gain  from  avalanche 
multiplication  in  the  depleted  region  of  the  junction.  Ge  p-n  junctions  may 
also  show  quantum  yields  exceeding  unity,  provided  the  depleted  region  Is 
sufficiently  thick  [5].  The  structure  Is  commonly  referred  to  as  a PIN 
structure  [6].  In  optimum  structure  designs  the  Intrinsic  region  becomes 
the  active  region  of  the  device  while  the  p-  and  n-regions  take  on  supporting 
roles  [7].  It  also  determines  the  frequency  response  of  the  device;  I.e., 
the  amplitude  of  the  photocurrent  decreases  while  the  phase  shift  between 
the  signal  and  photocurrent  Increases  with  Increasing  frequency  or  with 
Increasing  depletion  width  at  a given  frequency.  Spectral  response 
Increases  with  increasing  depletion  width.  Therefore,  an  engineering 
optimum  must  be  obtained  between  high  frequency  response  and  high  spectral 
response  [7-13]. 

A photodiode  may  be  made  to  operate  as  a wide  bandwidth  detector 
provided  the  real  part  of  the  load  Impedance  Is  kept  small  [14].  This 
determines  the  minimum  signal  power  that  the  photodiode  Is  capable  of 
detecting  and  is  usually  limited  by  the  thermal  noise  generated  in  the 
small  load  resistance  In  the  absence  of  Internal  avalanche  multiplication 
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gain  [15,16].  Improved  detector  sensitivity,  while  maintaining  wide  band- 
width, can  only  be  obtained  through  Internal  avalanche  multiplication  gain. 
Johnson  first  showed  evidence  that  avalanche  multiplication  gain  can  be 
employed  In  a wide  bandwidth  photodiode  to  assist  In  overcoming  thermal 
receiver  noise  and  thus  Improving  slgnal-to-nolse  ratio  [17].  This  has 
generated  much  Interest  In  avalanche  photodiodes.  Devices  have  been 
fabricated  free  of  microplasmas  [18,19],  and  It  has  also  been  substantiated 
that  S/N  Improves  [20,21]. 

The  Initial  report  by  Johnson  resulted  In  the  development  of  models 
to  examine  the  Influence  of  the  avalanche  gain  on  bandwidth  and  S/N.  The 
early  models  were  relatively  crude  and  led  to  a conclusion  that  the 
avalanche  photodiode  could  not  be  broadbanded  [22].  For  example,  applying 
the  analysis  used  to  study  avalanche  multiplication  In  Read  diodes  [23] 
showed  that  avalanche  multiplication  process  limits  bandwidth  [22].  The 
assumptions  used  In  the  model  were  that  electron  and  hole  Ionization 
coefficients  («  and  8,  respectively)  are  eqtial,  8/«*l;  electron  and  hole 
velocities  are  equal;  and  displacement  current  is  small  compared  to 
particle  current  in  the  avalanche  multiplication  region  and  Is  neglected. 
Other  treatments  assumed  8-0,  8/°‘-0;  and  concluded  that  avalanche  multi- 
plication had  no  effect  on  diode  bandwidth  [24]. 

A less  restrictive  analysis,  which  did  not  restrict  the  ratio  8/‘‘, 
was  made  [8]  using  the  basic  transport  equations  formulated  by 
Van  Roosbroeck  [25].  This  work  showed  that  when  8/*-0,  other  parameters 
have  little  effect  on  device  bandwidth.  Furthermore,  when  the  Lee  and 
Batdorf  [22]  assumptions  are  Imposed  (l.e.,  8/*"!  end  equal  electron  and 
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hole  velocities) , it  was  fovmd  that  the  displacement  current  is  small 
compared  to  the  particle  current  in  the  avalanche  multiplication  region 
and  can  be  neglected. 

Further  analytical  studies  Indicate  that  the  ratio  &/«  also  affects 
the  noise  power  generated  in  the  region  in  which  multiplication  occurs  [26,27] 
When  B/°^~l,  the  multiplication  noise  power  is  a function  of  , where 
is  the  dc  avalanche  multiplication  gain.  Therefore,  the  signal- to-noise 
ratio  is  dependent  on  Thus,  the  condition  which  limits  the  gain  band- 

width also  serves  to  reduce  the  S/N  ratio.  However,  when  3/<^'‘0,  both  the 

2 

noise  and  signal  are  dependent  on  , resulting  in  S/H  being  Independent 
of  M^.  Under  these  operating  conditions,  the  signal-to-nolse  ratio  and 
bandwidth  are  Independent  of  M^. 

The  analytical  work  described  above  has  generally  been  restricted  to 
the  depleted  region  and,  in  particular,  to  that  portion  of  the  depleted 
region  in  which  avalanche  multiplication  is  present.  The  analysis  of  a 
total  diode  structure  has  not  been  reported.  While  a total  diode 
structure  analysis  is  not  likely  to  give  any  greater  imderstanding  of 
diode  operation  for  simple  structures  that  may  be  fabricated  from  Si 
and  Ge,  it  may  for  multilayer  structures  such  as  those  fabricated  from 
the  III-V  materials  system.  Moreover,  it  is  clear  that  gain  bandwidth 
and  S/N  are  dependent  on  the  ratio  3/«  and  even  in  simple  Si  and  Ge 

structures.  This  dependency  requires  examination  in  multilayer  structures. 
Analysis  of  the  total  diode  structure  and  the  conditions  which  are  more 
likely  to  give  rise  to  avalanche  multiplication  gain  along  with  high  gain 
bandwidth  and  low  S/N  will  be  obtained.  In  addition,  it  is  important  to 
determine  the  displacement  current  in  a multilayer  diode  structure. 
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SECTION  IV 
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AVALANCHE  PHOTODIODE  DESIGN  CONSIDERATIONS 

4.1  Operating  Parameters 

The  Ideal  receiver  In  the  ln£rar.^d  region  of  the  frequency  spectrum 
combines  a low  noise  preamplifier  with  an  avalanche  photodiode.  The 
prea]iq>llfler  converts  the  diode  photocurrent  to  a voltage  and  current 
suitable  for  operation  Into  a low  resistance  (l.e.,  real  part  of  the  load 
Impedance)  without  degradation  of  the  S/N  ratio. 

In  order  to  achieve  ultimate  receiver  performance,  high  performance 
photodiodes  are  required.  The  device  characteristics  which  are  capable 
of  being  changed  and  which  are  critical  In  achieving  high  performance 
diodes  are  briefly  discussed  below. 

4.1.1  Capacitance 

The  junction  capacitance  In  conjunction  with  the  preamplifier 
Input  stray  capacitance  of  the  receiver  should  be  small  In  order  to 
achieve  high  frequency  response  and  high  S/N.  The  equivalent  R-C  circuit 
determines  the  cut-off  frequency  when  transit  time  through  the  depleted 
region  Is  short.  The  noise  contribution  of  the  amplifier  Is  linearly 
proportional  to  the  total  Input  capacitance  (l.e.,  junction  plus  stray 
capacitance) . The  Johnson  noise  In  the  photocurrent-senslng  resistor  Is 
Inversely  proportional  to  the  square  root  of  the  load  resistance,  which 
value  Is  determined  by  the  total  Input  capacitance  and  by  the  bandwidth 
required. 

4.1.2  Quantum  Efficiency 

The  slgnal-to-nolse  ratio  In  the  absence  of  avalanche  multipli- 
cation la  directly  proportional  to  the  qtiantum  efficiency.  When  the 
quantum  yield  (l.e.,  efficiency)  Is  greater  than  unity,  the  S/N  ratio 


i 
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Is  a complex  function  of  yield.  Photodiodes  may  be  fabricated  with 
yields  greater  than  unity.  State-of-the-art  frequency  response  dictates 
that  the  photons  should  be  absorbed  completely  within  the  confines  of 
the  depleted  region  and  preferably  within  the  avalanche  region  of  the 
depleted  region.  Therefore,  the  Intrinsic  layer  that  forms  the  depleted 
region  should  be  fabricated  from  a direct  transition  material. 

4.1.3  Dark  Current 

The  reverse  dark  current  produced  by  the  externally  applied  bias 
arises  primarily  from  three  sources.  The  first  Is  the  thermally 
generated  current  In  the  depleted  region.  The  second  Is  the  avalanche 
current  produced  by  the  thermal  current  passing  through  the  avalanche 
multiplication  region,  and  the  third  is  surface  leakage  current.  The 
last  may  be  minimized  by  the  application  of  surface  passivation  aiid/or 
guard  ring  structures. 

4.1.4  Series  Resistance 

The  diode  series  resistance,  which  Is  part  of  the  preamplifier 
R-C  circuit,  determines  the  cut-off  frequency  when  transit  time  Is 
short.  This  resistance  should  be  as  small  as  possible.  There  are  two 
major  components  which  comprise  the  diode  series  resistance.  The 
first  Is  the  resistance  of  the  semiconductor  material  sandwiching  the 
Intrinsic  region.  This  may  be  made  small  by  heavily  doping  these 
regions  and  making  them  thin.  The  second  Is  the  contact  resistance  at 
the  Interface  of  the  metal  electrode  and  the  semiconductor.  Contact 
resistance  Is  minimized  by  using  the  maximum  surface  area  available 
for  contacting,  heavily  doping  the  semiconductor  layers  to  be  contacted. 
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eliminating  oxide  or  Insulating  layers  between  the  metal  electrode  and  the 
semiconductor,  and  by  using  state-of-the-art  general  fabrication  procedures. 

4.1.5  Avalanche  Gain 

In  general,  avalanche  gain  must  be  sufficient  to  raise  the  signal 

1 

I 

level  above  prean^llfler  noise.  It  has  been  shown  that  a gain  of  4 to  10  j 

I 

Is  usually  the  range  over  which  avalanche  photodiodes  exhibit  a significant  I 

Improvement  In  S/N.  However,  even  these  modest  avalanche  gains  are  | 

difficult  to  attain.  To  realize  the  full  potential  of  avalanche  photo- 
diodes fabricated  from  III-V  materials  requires  a design  study  to  determine 
those  structures  and  materials  which  are  more  likely  and  those  which  are  j 

less  likely  to  give  rise  to  sufficient  gain  to  overcome  preamplifier  noise. 

4.1.6  Optical  Filtering  < 

i 

The  slgnal-to-nolse  ratio  may  also  be  Improved  through  the  use  of  an 
optical  bandpass  filter.  This  serves  to  greatly  reduce  the  background  ^ 

radiation  capable  of  exciting  electrons  from  the  valence  to  the  conduction 
band.  The  filter  may  be  applied  as  a separate  component  or  monollthlcally 
Incorporated  as  part  of  the  diode  structure.  The  latter  Is  done  by  adding 
a final  layer  to  the  diode  structure  of  slightly  higher  bandgap  than  the 
gap  of  the  Intrinsic  layer. 

4.2  Materials  Selection 

For  many  applications,  SI  avalanche  photodiodes  are  more  than  adequate 
to  satisfy  receiver  requirements.  However,  diodes  fabricated  from  an 
appropriate  combination  of  III-V  materials  are  capable  of  significantly 
higher  performance  characteristics  than  SI.  This  arises  because  material 
combinations  may  be  selected  according  to  optical  transition  characteristics, 
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bandgap  value,  lattice  constant,  mobility- field  characteristics  and 
lifetime  to  optimize  device  design.  For  example,  a direct  transition 
material  may  be  selected  for  the  depletion  region  In  order  to  effect 
complete  absorption  within  a thin  depletion  region.  This  results  In 
shortened  transit  time  through  the  depletion  region  simultaneously 
with  high  quantum  efficiency.  Moreover,  many  of  the  III-V  binaries, 
ternaries,  and  quaternaries  have  more  favorable  mobility-field 
characteristic  to  reduce  depletion  region  transit  time. 

The  ternaries  GaAsSb  and  GaAlSb  are  two  of  the  more  attractive 
alloys  from  which  high  performance  photodiodes  have  been  fabricated. 

The  material  properties  which  may  be  selected  from  the  GaAsSb  and 
GaAlSb  alloys  and  which  are  critical  In  fabricating  high  performance 
diodes  are  briefly  discussed  below. 

4.2.1  Alloy  Composition 

Multilayer  devices  may  be  designed  with  two  or  more  layers 
having  different  bandgap  values  for  the  purpose  of  obtaining  filtering, 
bandedge  discontinuities  to  Influence  carrier  transport  and  for  lattice 
matching.  These  alloys  may  generally  be  grown  selectively  with  dif- 
ferent bandgaps  by  changing  the  alloy  composition.  However,  GaAsSb 
exhibits  a miscibility  gap  between  40  to  70%  GaAs  mole  fraction. 

This  miscibility  gap  does  not  prevent  the  fabrication  of  photodiodes 
since  the  GaAs  mole  fraction  required  for  the  layers  Is  greater 
than  83%. 
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4.2.2  Bandgap 

Both  GaAaSb  and  GaAlSb  may  be  selectively  grown  with  bandgap 
values  In  the  1.064  pm  region.  Therefore,  multlbandgap  devices  may  be 
fabricated  from  either  alloy  system. 

4.2.3  Lattice  Constant 

In  some  cases,  lattice  misfit  and  the  effects  derived  therefrom 
may  degrade  device  performance.  Vlhlle  the  bandgap  vs.  lattice  con- 
stant Is  linear  for  GaAlSb,  It  Is  not  for  GaAsSb.  The  GaSb-rlch 
terminal  point  of  the  latter  exhibits  a trough  In  bandgap  and  then 
Increases  to  the  1.43  eV  value  at  the  GaAs-rlch  terminal  point.  More- 
over, Table  2 shows  that  the  lattice  constant  change  with  respect 
to  bandgap  Is  more  than  one  order  of  magnitude  greater  In  GaAsSb 
than  In  GaAlSb.  Therefore,  In  those  cases  In  which  Interfaclal  recom- 
bination Influences  device  performance,  GaAlSb  Is  preferred. 


t 


4.2.4  Optical  Transition  Characteristic 

One  requirement  to  fabricate  a high  cut-off  frequency  diode  with 
high  quantum  efficiency  Is  that  the  depletion  region  be  a direct  tran- 
sition material.  This  results  In  more  than  63Z  of  the  photon  flux 


TABLE  2 

BANDGAP  AND  LATTICE  CONSTANT  FOR  THE  III-V  BINARIES 
USED  IN  PHOTODIODE  FABRICATION 


Binary 

Bandgap 

eV 

Lattice  Constant 

X 

X Change  In 
Lattice 

GaSb 

0.73 

6.095 

7.5X 

GaAs 

1.43 

5.653 

J 

0.65Z 

AlSb 

1.65 

6.135 

- 
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being  absorbed  In  approximately  1 pm  thick  layer,  rather  than  10  pm.  In 
SI  devices.  It  Is  also  required  that  the  layers  between  the  surface 
and  the  Intrinsic  layer  be  fabricated  from  larger  bandgap  and/or 
Indirect  transition  materials.  This  Insures  that  there  Is  no  signi- 
ficant absorption  of  the  signal  photon  flux  outside  of  the  depletion 
layer.  The  ternary  GaAsSb  Is  a direct  transition  alloy  over  Its 
entire  compositional  range.  Therefore,  In  the  design  of  a photodiode 
the  layers  between  the  surface  and  intrinsic  layer  must  be  of  a 
larger  bandgap  value  than  the  Intrinsic  region.  On  the  other  hand, 
GaAlSb  Is  a direct  transition  material  at  the  GaSb-rlch  terminus  and 
Indirect  at  the  AlSb-rlch  terminus.  Therefore,  diodes  may  be  designed 
with  either  thin  Indirect  transition  layers  and/or  wider  bandgaps. 

4.2.5  Velocity-Field  Characteristic 

In  high  cut-off  frequency  diodes  the  velocity-field  character- 
istic In  the  depletion  region  Is  of  great  Importance,  In  addition  to 
the  optical  transition  characteristic.  There  has  not  been  extensive 
Investigation  of  this  characteristic  In  GaAsSb  and  GaAlSb.  However, 
there  Is  reason  to  believe  that  the  limiting  velocity  Is  higher  than 
It  Is  for  SI. 

4.2.6  Lifetime 

In  direct  transition  materials  with  reasonable  crystalline 

perfection,  lifetime  Is  a result  of  the  spontaneous  radiative 

recombination  process  In  the  absence  of  Induced  or  stimulated  emission. 

Typically,  In  III-V  direct  transition  materials  the  radiative  recom- 

1 7 —3 

bination  lifetime  at  300*K  and  10  cm  Impurity  concentration  Is  less 

15  -3 

than  1 psec.  In  Intrinsic  layers  where  the  doping  Is  usually  10  cm 
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or  less,  the  radiative  lifetime  may  be  higher.  It  Is  unlikely  that 
a sufficient  concentration  of  Imperfections  may  be  Introduced  to  lower 
the  effective  lifetime  below  the  radiative  recombination  level.  More- 
over, transit  times  In  direct  transition  depletion  regions  are  typically 
of  the  order  of  10  sec.  This  Is  several  orders  of  magnitude  less 
than  the  radiative  lifetime.  Therefore,  the  collection  efficiency  of 

» 

the  depletion  layer  will  always  be  unity  In  the  absence  of  avalanche 
multiplication.  When  avalanche  gain  Is  present,  the  quantum  yield  will 
always  be  greater  than  unity. 

4. 3 Diode  Structure 

The  diode  described  In  this  section  Is  denoted  as  the  Inverted 
homo-heteroJunction  by  Rockwell  International.  Figure  1(a)  shows 
the  physical  schematic  structure,  and  Figure  1(b)  shows  the  deduced 
band  structure.  The  diode  structure  in  Flgu.e  1 has  improved  avalanche 
gain  due  to  the  reduction  of  microplasmas.  Earlier  structures  resulted 
In  the  avalanching  occurring  at  a p-n  heterojunction  (l.e.,  an  n region 
of  GaAs^  gj  Sbg  and  a p^  region  of  GaAs^  gg  Sbg  ^^2)*  Avalanching 
should  have  occurred  at  the  n - p^  he teroj unction  Interface.  However, 

It  was  surmised  that  because  of  lattice  defects  resulting  from  lattice 
misfit,  microplasmas  were  present,  and  avalanche  gain  was  not  observed. 
In  Figure  1 avalanching  should  occur  at  the  n - p"*"  homoj unction  where 
the  lattice  mismatch  Is  zero  and  should  be  relatively  free  of  lattice 
defects.  Consequently,  microplasmas  have  been  reduced  and  avalanche 
gain  observed.  However,  the  gain  has  been  too  low  to  show  marked 
Improvement  over  the  non-avalanche  mode  of  operation.  The  suggestion 
has  been  made  that  perhaps  the  lattice  misfit  present  at  Interfaces 
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and  may  propagate  lattice  defects  to  Interface  or  the  lattice 
defects  at  X^  and  X^  may  influence  carrier  transport  which  produce  micro- 
plasmas  and  restricts  avalanche  gain. 

In  Figure  1 the  radiation  enters  the  device  through  the  n^  layer. 
Region  1,  which  Is  10  vim  thick  In  devices  that  have  been  fabricated. 

The  bandgap  of  this  layer  Is  1.2  eV  and  Is  composed  of  the  ternary 
GaAsQ  gg  Sbg  ^2'  wider  than  the  p-n  homojunction  materials. 

Region  1 serves  as  an  optical  filter  to  minimize  background  radiation 
from  entering  the  diode  active  regions.  Since  its  bandgap  Is  30  meV 
wider  than  Region  3 and  If  free  carrier  absorption  is  small,  the  radiation 
carrying  the  signal  will  pass  through  this  layarr  unattenuated. 

Region  2 Is  the  undepleted  n layer.  In  well-designed  diodes 
the  depleted  region  extends  through  Region  2,  resulting  in 

The  depleted  layer  Is  designated  Region  3.  Its  bandgap  Is  1.17  eV 
and  is  composed  of  the  ternary  GaAs^  gg  Sb^  It  Is  a direct 

transition  alloy.  Almost  all  of  the  photons  of  the  signal  radiation 
will  be  absorbed  In  a thickness  1 to  4 um,  depending  on  Its  line  width 
and  Its  precise  location  in  the  Infrared  spectrum. 

Region  4,  the  p^  layer,  serves  as  the  p-slde  of  the  p-n  homo- 
junction.  Ideally,  the  photon  flux  entering  Region  4 should  be  small. 

If  It  Is  not  small  the  diode  structure  Is  not  optimized  and  the 
frequency  response  may  be  low  due  to  the  diffusion  carrier  transport 
mechanism  which  takes  place  In  this  layer. 

Region  5 Is  a more  heavily  doped  region  to  which  an  ohmic  contact 
la  made  to  obtain  low  contact  resistance. 
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SECTION  V 


ANALYSIS  AND  RESULTS 

In  this  section  the  analysis  is  referred  to  only  where  required 
to  fully  discuss  the  results.  The  material  and  structural  input 
parameters  are  given  In  Figure  1 and  were  obtained  from  Dr.  James  Harris, 
Rockwell  International. 

The  assumptions  used  in  the  analysis  were  fully  described  in  the 
Final  Report  (Contract  No.  F33615-76-C-1283)  and  will  not  be  repeated 
here. 

The  received  radiant  energy  Is  assumed  to  have  a spectrum 
similar  to  an  LED  represented  by  the  Gaussian  function. 

N - (1-R)  ,,  (1) 

where  the  reflectance  is  taken  to  be  constant  or 

R - 0.05  (2) 


and 


- 1.064  vim  (1.165  eV) , (3) 

? - 4.44  X 10^  (4) 


and  where  the  line  width  Is 


- 250  A 


(5) 


The  total  photon  flux  chosen  Is 
•1.077 


(l-R)N  - 2. 528x10^ ^cm-Zsec-l. 


(6) 


1.052 
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This  results  In  a maximum  current  density  value 


J - 1.6  X 10”^^  X 2.528  X 10^^ 
max 

••  4.04  X 10  ^ amps  cm  (7) 

_2 

The  Incident  power  density  Is  approximately  4.5  mWatts  cm  . The  diode 

-5  2 

mesa  Is  taken  to  be  4 mils  In  diameter  or  7.9  x 10  cm  In  area.  This 
results  In  an  Incident  power  on  the  diode  of  approximately  0.35  nWatt. 

The  maximum  diode  current  Is  approximately  0.3  nAmp. 

To  fully  deplete  the  n region  requires  -43  volts  reverse  bias.  At 
a reverse  voltage  of  -40  volts,  the  depletion  layer  Is  3.9  pm. 

The  results  of  the  first  set  of  calculations  given  In  Figures  2(a) 
to  2(g)  show  the  total  spectral  response  and  the  components  making  up 
the  total  when  the  filter  layer.  Region  1,  Is  varied  In  thickness  from  1 pm 
to  15  pm.  The  response  curves  labeled  Regions  1+2  and  Region  3 are  the 
contributions  to  the  total  response  due  to  excess  holes  generated  by  absorbed 
photons.  Similarly,  the  curve  labeled  Regions  4+5  are  for  electrons. 

Unless  otherwise  stated,  when  the  n region  Is  fully  depleted.  Region  2 Is 
always  0.1  pm  thick.  As  a result,  when  n Is  fully  depleted  the  curve  labeled 
Regions  1 + 2 Is  the  response  of  Region  1 for  all  practical  purposes  In  these 
curves.  As  these  calculations  show,  when  the  filter  thickness.  Region  1, 

Is  thin.  Its  contribution  to  spectral  response  la  appreciable.  As  shown 
In  Figure  2(a),  It  Is  In  excess  of  40Z  for  wavelengths  less  than  1.05  pm  for 
1.0  pm  thickness.  The  response  for  Region  1 cuts  off  sharply  In  the  region 
1.035  pm  due  to  Its  wavelength  cut-off  arising  from  Its  bandgap.  A large 
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Figure  2(b).  Photodiode  spectral  response  In  non-avalanche  mode  for  X.  ~ 3.0  ym, 
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fraction  of  the  holes  generated  in  this  region  enter  Regions  2 and  3 
and  are  collected  by  the  junction  since  the  hole  diffusion  length  Is  1 um, 
thereby  contributing  to  the  total  spectral  response.  For  filter  thickness 
values  greater  than  1 pm,  the  hole  response  In  Region  1 decreases  rapidly. 
For  7.0  pm  filter  thickness  the  hole  response  Is  negligible  at  vavelengths 
less  than  1.05  pm.  The  hole  response  In  the  spectral  range  1.05  to  1.15  pm 
is  due  to  Region  2 which  has  a thickness  of  0.1  pm.  There  Is  essentially 
no  change  In  the  response  In  this  range  even  up  to  15.0  pm  thickness  for 
Region  1. 

While  there  Is  no  change  In  the  tailing  (high  wavelength)  edge  of  the 
total  spectral  response.  In  the  Region  3 response  contributed  by  holes, 
or  In  peak  value,  there  Is  a spectral  narrowing  In  these  response  curves 
as  the  filter  thickness  Increases.  Thus,  It  Is  seen  that  the  filter  Is  per- 
forming the  function  of  filtering  high  energy  photons,  such  as  exists  In  the 
background,  thereby  serving  to  Improve  S/N. 

The  hole  contribution  to  spectral  response  In  Region  1 Is  not  desirable 
with  respect  to  frequency  response  considerations.  For  optimum  design 
the  filter  should  be  of  sufficient  thickness,  In  conjunction  with  Its  hole 
diffusion  length,  to  affect  a negligible  contribution  to  spectral  response 
as  well  as  to  filter  out  background  radiation  on  the  short  wavelength 
side.  These  calculations  show  that  a thickness  of  7.0  pm  Is  sufficient 
for  a 1 pm  hole  diffusion  length  to  accomplish  this. 

The  spectral  range  In  which  the  signal  carrier  resides  Is  from  1.052 
to  1.077  pm  (l.e.,  the  3 db  points).  In  this  spectral  range  the  hole 
spectral  response  contributed  by  the  depleted  region  remains  nearly  constant 


for  the  range  of  studied  in  the  absence  of  free  carrier  absorption  in 
Region  1.  The  signal  photon  flux  distribution  through  the  photodiode 
structure  Is  shown  In  Figure  3 corresponding  to  the  spectral  response 
curves  presented  in  Figure  2(b)  for  a 3 pm  filter  thickness.  The  curve 
shows  that  approximately  5X  of  the  signal  photon  flux  Is  absorbed  in 
the  filter  layer.  This  calculation  shows  that  thin  filter  layers  may 
Increase  S/N  through  a reduction  In  the  absorption  of  the  signal  photon 
flux  In  this  layer.  We  conclude  that  thin  filter  layers  may  be  employed 
provided  that  the  hole  lifetime  Is  sufficiently  reduced  so  that  the  hole 
diffusion  length  becomes  much  smaller  than  the  filter  thickness. 

Figure  4 [3a]  is  spectral  response  experimental  data  reported  on  a 5 mil 
diameter  GaAsSb  photodiode.  The  voltage  to  fully  deplete  appears  to  be  In 
the  range  of  50  to  70  volts.  The  spectral  response  curve  represented  In 
Figure  2(b)  shows  agreement  with  the  response  In  the  spectral  region  from 
1.05  to  1.15  pm  to  within  approximately  5%.  At  shorter  wavelengths  the 
experimental  data  show  the  cut-off  to  occur  at  0.98  pm  rather  than  at  1.05 
as  shown  In  Figure  2(b).  This  may  be  attributed  to  the  bandgap  of  the 
filter  layer  being  1.26  eV  rather  than  1.2  eV  as  shown  In  Figure  2(b).  The 
cut-off  at  long  wavelengths  Is  at  approximately  1.15  eV  for  both  the 
experimental  and  calculated  curves.  This  reflects  the  bandgap  cut-off  of 
the  depleted  region  being  1.17  eV  for  both  cases.  Thus,  the  calculated 
spectral  response  gives  fairly  good  agreement  with  experimental  data. 

Figures  5(a)  through  5(g)  show  the  Influence  of  reverse  bias  on 
spectral  response.  The  signal  carrier  photon  flux  distribution  throughout 
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Figure  4.  Spectral  Photoresponse  for  a 5 mil  Diameter  K-9  APO  for  Biases 
from  Vapd  ■ 2 volts  to  V^pQ  ■ 99.07  volts.  Ordinate  Is  quantum 
efficiency  (quantum  efficiency-gain  product  for  VApp>70  volts) 
versus  wavelength.  More  typical  K-9  APD's  as  used  in  the  GAASFET 
receivers  have  15X  to  20X  higher  Vg's  and  O.Olw  to  0.02p  longer 
wavelength  response  than  this  particular  device.  [3a] 
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Photodiode  spectral  response  in  non-avalanche  mode  for  V » -15  V. 
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the  structure  does  not  change.  However,  ^3*^2  change  with 

reverse  bias.  This  results  In  changes  In  the  hole  contribution  to  spectral 
response  In  Regions  2 and  3.  This  set  of  curves  show  that  the  response 
in  Region  2 increases  while  the  response  In  Region  3 decreases  with  decreas- 
ing reverse  bias.  The  Increase  In  response  of  Region  2 does  not  fully 
compensate  for  the  decrease  In  response  of  Region  3.  Therefore,  with 
decreasing  reverse  voltage  the  total  spectral  response  decreases.  That  the 
Increase  In  spectral  response  In  Region  2 cannot  fully  compensate  Is  due  to 
significant  Increased  hole  recombination  In  Region  2.  This  occurs  when  the 
undepleted  region  thickness  approaches  the  hole  diffusion  length,  which  In 
this  case  Is  1.5  pm. 

In  this  calculation  it  was  assumed  that  the  extension  of  the  depleted 
layer  Into  Region  4 Is  negligible.  Therefore,  the  electron  contribution 
to  spectral  response  of  Regions  4 and  S Is  unchanging. 

Horeover,  because  the  filter  thickness  and  the  bandgaps  In  Regions 
2 and  3 were  constant  In  this  set  of  calculations,  the  low  and  high  wavelength 
cut-offs  are  also  constant. 

Figures  6(a)  through  6(f)  show  calculated  spectral  responses  for  a set 
of  conditions  similar  to  the  curves  presented  In  Figures  5(a)  through  5(g). 

In  the  latter  the  n~  layer  Is  4.0  ym  while  It  Is  3.5  ym  In  the  former.  The 
same  general  comments  may  be  made  for  the  behavior  shown  In  Figures  6.  Com- 
paring the  spectral  response  In  Figures  6(a),  6(b)  and  5(a),  It  Is  concluded 
that  the  optimum  thickness  of  the  n region  Is  in  the  neighborhood  of  3.5  ym 
rather  than  4.0  ym. 
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Figure  6(b).  Photodiode  spectral  response  In  non-avalanche  mode  for  V - -25  V. 
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To  pursue  a more  direct  study  of  the  optimum  depletion  layer  thickness, 
a set  of  spectral  response  curves  was  calculated  In  which  the  depletion  layer 
thickness  Is  changed  from  2.0  to  5.0  pm.  These  results  are  given  In  Figures 


7(a)  through  7(g).  The  hole  contribution  to  total  spectral  response  In 
Regions  1 and  2 Is  unchanging  because  the  materials  and  their  thicknesses 
are  held  constant.  Due  to  the  change  of  the  depleted  region  layer  thickness, 
the  response  curves  of  Region  3 and  Regions  4 and  5 do  change  with  Increasing 
depleted  layer  thickness.  With  Increasing  depleted  layer  thickness,  the  hole 
response  In  Region  3 Increases  while  the  electron  response  In  Regions  4 and  5 
decreases.  Tills  arises  because  of  Increased  absorption  In  Region  3 which  In 
turn  results  In  a lower  photon  flux  entering  Regions  4 and  5.  While  the  hole 
contribution  to  spectral  response  In  Region  3 and  the  total  response  Increase 
significantly  from  1.99  to  3.49  wm,  the  rate  of  Increase  beyond  3.49  ym  Is 
not  great.  This  substantiates  our  conclusion  that  3.5  ym  Is  In  the  neighbor- 
hood of  the  optimum  thickness  for  the  depleted  region. 

The  Influence  of  the  bandgap  In  Regions  1 and  5 on  spectral  response 
and  dark  current  was  also  Investigated.  In  order  to  perform  these  calcula- 
tions, It  Is  necessary  to  calculate  the  hole  and  electron  mobility  In  Regions 
1 and  5,  respectively,  because  experimentally  determined  values  are  generally 
not  available  for  the  range  of  ternary  alloy  compositions  studied.  The 
mobilities  are  calculated  by  extrapolation  from  the  mobility  values  of  the 
terminal  binary  alloys  which  comprise  the  ternaries.  The  calculated  mobility 
values  are  approximately  60Z  higher  than  the  values  calculated  from  the 
Rockwell  International  experimentally  determined  diffusion  lengths. 
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Figure  7(b).  Photodiode  spectral  response  In  non-avalanche  mode  for  2.49  pm 
depletion  layer  thickness. 
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Figure  7(g).  Photodiode  spectral  response  In  non-avalanche  mode  for  4.99  ym 
depletion  layer  thickness. 


The  spectral  responses,  where  Region  1 and  5 bandgaps  are  a para- 
meter, are  shown  in  Figures  8(a)  through  8(h).  The  bandgap  ranges  from 
1.16  to  1.30  eV.  These  curves  show  that  the  hole  contribution  to 
spectral  response  In  Regions  1 and  2 Is  significantly  higher  than 
previous  calculations  for  X^*10  um  for  all  bandgap  values.  The  major 
reason  for  this  Is  that  the  calculated  mobility  Is  higher  than  the  experi- 
mentally determined  value.  The  response  In  Regions  1 and  2 decreases 
slightly  with  Increasing  bandgap.  This  Is  attributed  to  less  absorption 
which  results  with  Increasing  bandgap. 

The  short  wavelength  cut-off  shifts  to  shorter  wavelengths  with 
Increasing  bandgap.  As  a result,  the  spectral  response  In  Region  3 shifts 
to  shorter  wavelength  since  the  photon  flux  entering  Region  3 Increases. 

For  completeness,  the  final  study  conducted  was  to  determine  the 
optimum  thickness  of  the  p^  layer.  Region  4.  The  layer  thickness  range 
studied  was  from  0.2  to  2.0  maintaining  constant  bandgap  at  1.2  eV. 
These  calculations  In  Figures  9(a)  to  9(f)  show  that  the  electron  contri- 
bution to  spectral  response  Increases  In  Regions  4 and  5 with  Increasing 
layer  thickness.  For  highest  S/N,  the  spectral  response  In  Regions  4 and 
5 should  be  as  small  as  possible.  While  the  contribution  to  spectral 
response  from  Regions  4 and  5 Is  small  for  Region  4 thicknesses  of  0.2  and 
0.4  pm.  It  Increases  only  slightly  up  to  0.8  urn.  Further  work  Is  required 
to  determine  the  optimum  Region  4 thickness.  However,  we  may  tentatively 
conclude  that  Region  4 thickness  should  be  less  than  1.0  pm. 
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Figure  8(b).  Photodiode  spectral  response  in  non-avalanche  mode  for  bandgap 
values  of  1.18  eV  for  E„,  and  E„-. 
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Photodiode  spectral  response  in  non-avalanche  mode  for  bandgap 
values  of  1.30  eV  for  and 


Figure  9(b).  Photodiode  spectral  response  In  non-avalanche  mode  for  X.-X-  » 0.4  urn 


Figure  9(d).  Photodiode  spectral  response  In  non-avalanche  mode  for 


Photodiode  spectral  response  in  non-avalanche  mode  for  X.-X_  ■ 1.6  pm 


Figure  9(f).  Photodiode  spectral  response  in  non-avalanche  mode  for  X.-X-  ■ 2.0  pm. 


SECTION  VI 


CONCLUDING  SUMMARY 

The  purpose  of  this  study  was  to  demonstrate  that  the  device 
analytical  method  developed  for  multilayer  solar  cells,  when  applied  to 
photodiodes.  Is  capable  of  accurately  predicting  experimental  results 
to  the  same  high  degree  as  shown  for  solar  cells. 

We  have  shown  In  II  and  III,  through  a review  of  the  literature, 
the  Importance  of  the  time-independent  behavior  on  the  photodiode 
frequency  characteristics. 

From  the  solution  of  the  time-independent  or  steady-state  integral 
form  of  the  continuity  equation,  the  optimum  structure  design  has  been 
studied.  The  study  used  the  photodiode  design  under  development  at 
Rockwell  International.  The  conclusions  which  may  be  drawn  from  this 
study  are  as  follows: 

1.  The  calculated  spectral  response  over  the  1.05  to  1.15  pm 
spectral  range  shows  agreement  with  the  Rockwell  Inter- 
national experimental  data  to  within  5%.  Therefore,  the 
analytical  method  appears  to  be  applicable  to  photodiodes. 

2.  The  filter  layer  optimum  thickness  Is  approximately  7 pm 
for  a 1 pm  hole  diffusion  length. 

3.  The  filter  layer  thickness  may  be  reduced  even  further 
provided  the  lifetime  (and  diffusion  length)  Is  reduced 
proportionally  to  effect  a sharp  cut-off  at  short  wave- 
lengths. This  may  be  done  reproduclbly  by  adding  an 
Impurity  to  the  LFE  melt  which  Introduces  an  efficient 
hole  recombination  level  of  sufficient  concentration. 
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A.  The  optlnuiD  thickness  of  the  intrinsic  layer  is  approximately 
3.5  pm. 

5.  The  filter  layer  bandgap  determines  the  short  wavelength 
cut-off. 

6.  The  Region  A optimum  thickness  is  in  the  neighborhood  of 
O.A  to  1.0  pm. 

7.  Spectral  response  is  Independent  of  reverse  voltage  over  wide 
limits . 
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SECTION  VII 


RECOMMENDATIONS 

1.  A study  should  be  made  to  further  extend  the  analysis  to 
Include  frequency  effects  which  reliably  predicts  device 
performance  In  the  nonavalanche  and  avalanche  modes. 

2.  The  extended  analysis  should  make  use  of  the  Integral  form 
of  the  time-dependent  continuity  equation  and  Include  the 
displacement  current  In  the  transport  equations. 

3.  To  realize  the  full  potential  of  APDs  fabricated  from  III-V 
materials  requires  a design  study  to  determine  those  struc- 
tures and  materials  that  are  more  likely  to  and  those  that 
are  less  likely  to  give  rise  to  sufficient  gain  to  overcome 
preamplifier  noise. 

4.  The  time-independent  and  time-dependent  electron  and  hole 
hole  avalanche  multiplication  gain  should  be  Included  In 
the  solutions. 

5.  An  optimum  structure  design  study  should  be  conducted  to 
maximize  S/N  and  frequency  response  with  respect  to  signal 
generated  photocurrent,  phase  difference  between  received 
signal  and  photocurrent,  and  preamplifier  load  Impedance. 

6.  An  optimum  structure  design  study  should  be  conducted  to 
maximize  bandwldth-galn  as  a function  of  material  and 
structure  parameters  as  well  as  preamplifier  load  Impedance. 

7.  Study  all  the  III-V  materials  combinations  that  may  be  used 
In  diode  structures.  Select  from  and  arrange  in  order  of 
Importance  those  combinations  that  give  adequate  S/N  and 
frequency  response  for  Air  Force  applications.  In  addition. 
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describe  those  materials  combinations  and  the  reasons  for 
which  APD  performance  Is  not  suitable  for  Air  Force  appli- 
cations. 

8.  Include  In  the  boundary  condition  at  each  heterojunction  of 
the  diode  structure  a recombination  term  to  describe  hetero- 
facial  recombination  processes  that  may  occur. 
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